Introduction
Theg lobal energy demand is fulfilled mainly by the production of electricity from fossil fuel and nuclear-based power plants.T hese conventional energy production plants have typical power outputs of over 1GW, but are far from being sustainable.F ossil fuels have been exploited on alarge scale since the start of the industrial revolution in the 19th century. [1] Since then, the concentration of carbon dioxide in the atmosphere has increased from 280 ppm to over 401 ppm in December 2015.
[2] CO 2 ,aswell as other greenhouse gases, seems to be the main origin of climate change. [3] [4] [5] Additionally,coal-fired power plants emit amultitude of different toxic heavy metals and fine dust. [6, 7] Although nuclear power plants were once proposed to be the main alternative to fossil fuel based plants to reduce CO 2 emissions but, from the point-ofview of ar esponsibly acting society,t hey should not be utilized for electricity generation. [8] [9] [10] [11] In fact, we need to change our energy production to "green" and renewable sources,such as geothermal and solar energy,hydroelectricity, and wind power. However,g eothermal energy and hydroelectricity are associated with other disadvantages (e.g. limited availability or massive ecological impact) and are limited to certain geographical conditions. [12, 13] Theutilization of solar energy and wind power, thus,s eems to be the most promising alternative. [14, 15] Al arge number of new power plants using solar energy and wind power were built in the last few years throughout the world and am ajor expansion is planned until 2020 and 2050, respectively. [16] Furthermore,asecond trend to local small-scale energy production by photovoltaics is recognizable. [17] Unlike before,electricity is now generated discontinuously-depending on the weather-and in am ore decentralized manner,often on akWscale.T odayselectricity grids are not designed for this kind of energy production. [18] Conventional power plants produce as table base load over al ong period of time.I nc ontrast, energy production from wind power and solar energy is intermittent and energy demand can diverge from energy production. Intelligent storage technologies are required to overcome temporal deviations in energy production and consumption. [19] Only with the combination of renewable power sources and energy storage systems,c onnected as as mart grid, can the turnaround in energy policy ("Energiewende") be successful. [20] Possible storage technologies are pumped hydro,c ompressed air,t hermal, flywheel, superconducting magnetic, electric double layer, and electrochemical energy storage systems. [21] Ty pical sizes of photovoltaics range between 1kW (small-scale roof-top system) up to 550 MW (Topaz Solar Farm, California, USA), and wind turbines typically produce ap ower of 2.5 MW (up to even 7.5 MW for the newest generation of large wind turbines). With this power range in mind, RFBs seem to be an ideal storage technology for wind and solar electricity.
Researchonredox-flow batteries (RFBs) is currently experiencing asignificant upturn, stimulated by the growing need to store increasing quantities of sustainably generated electrical energy.R FBs are promising candidates for the creation of smart grids,p articularly when combined with photovoltaics and wind farms.T oachieve the goal of "green", safe,and cost-efficient energy storage,r esearchhas shifted from metal-based materials to organic active materials in recent years. This Review presents an overview of various flow-battery systems. Relevant studies concerning their history are discussed as well as their development over the last few years from the classical inorganic,t o organic/inorganic,t oR FBs with organic redox-active cathode and anode materials.A vailable technologies are analyzed in terms of their technical, economic, and environmental aspects;the advantages and limitations of these systems are also discussed. Further technological challenges and prospective research possibilities are highlighted. 
General Principles of Flow Batteries
Thec entral components of redox-flow batteries are an electrochemical cell and two tanks.T he electrochemical cell contains two electrodes and as eparator.A ne lectrolyte solution is circulated between these components by pumps. Theredox-active cathode and anode materials are not formed as solid electrodes,b ut are dissolved in the electrolyte,f or which reason it is named as either the catholyte or anolyte. Thes eparator is permeable to the supporting electrolyte (a conducting salt), but impermeable to the redox-active material. This setup,s imilar to fuel cells,e nables the power and capacity of the battery to be scaled independently from each other. Aschematic representation is provided in Figure 1a .A hybrid-flow battery (HFB) is asimilar type of flow battery.It features at least one redox couple with as olid redox state (Figure 1b ). This active material is electroplated on an electrode during charging and dissolved again in the electrolyte in the subsequent discharging process.T his cell design must be adopted, as the electroplated metal often forms dendritic structures,w hich may cause as hort-circuit or puncture the membrane. [22] Thee lectrical performance of the battery is affected by many parameters and can be measured by the following benchmarks.T he volumetric capacity of the electrolyte indicates the amount of charge that can be stored in acertain amount of electrolyte [Eq. (1) ].The redox-active material can
be dissolved, but particles,g ases,o ri onic liquids can also be utilized. Thus,t he volumetric capacity is dependent on the amount of redox-active material and the number of electrons that participate in the redox process.T he unit most used for the volumetric capacity is Ah L À1 .The energy density includes the voltage between the utilized redox couples and is,t hus, measured in Wh L À1 [Eq. (2)].
C = volumetric capacity, m = mass, n = number of electrons, F = Faradaysc onstant, M = molar mass, V = volume, E = energy density,and U = voltage.
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Thec oulombic efficiency (CE), sometimes referred to as the faradaic or current efficiency, and the voltage efficiency (VE) are two important indicators of the electrical quality of af low battery.T he CE relates the charge applied in the charging procedure to the retained charge in the discharging procedure of the same charge/discharge cycle [Eq. (3)].
Coulombic efficiencies < 99 %are an indication of crossover of the redox-active material through the membrane into the opposite half-cell or irreversible side reactions of the redoxactive material or the electrolyte itself,for example,hydrogen formation.
h = efficiency, subscripts: C = charging, D = discharging, Q = charge, T = time for charging/discharging,a nd E = potential.
VE is the ratio between the mean discharging voltage and the mean charging voltage at constant current [Eq. (4)].T he difference between these mean values is caused by avariety of overpotentials.T he diffusion, polarization, and ohmic overpotential are decisive for flow batteries. [23] [24] [25] TheV E decreases as the current density increases.T he multiplication of CE by VE yields the energy efficiency [EE;Eq. (5)],which is am easure of the applied and retained energy.T ypical EE values of RFBs are in the range of 50 to 90 %, depending on the applied current density and material quality.
Redox-Active Materials
Theredox-active charge-storage material has asignificant impact on the performance of af low battery.I ts reaction kinetics have an influence on the applicable current density, and the viscosity of the electrolyte is also affected by the redox-active material and its concentration. Ag eneral decrease in performance can be observed at higher viscosities, as the charge-carrier mobility within the electrolyte is reduced and the energy requirement for electrolyte circulation is increased. Thee mployed active materials are often metalbased redox couples dissolved in aqueous media, but agreatly increasing number of charge-storage materials based on organic redox-active molecules have been reported recently. [199, 200] Some of these organic materials are not soluble in water and, thus,t he utilization of an organic solvent is required. Organic aprotic solvents show ab etter electrochemical stability and aw ider potential window than protic solvents such as water. This can lead to batteries with higher energy densities,a sr edox couples with an elevated voltage can be used. However,the ion conductivity in organic solvents is much lower, which limits applicable current densities.This effect is partially mitigated by ahigher voltage (power density). Some organic materials are soluble in water, particularly if the molecule contains polar substituents.T hus, high current densities are applicable,but the voltage between the two redox couples is restricted. Hence,a n" L" shape in Figure 2i sc learly visible,w hich illustrates the limitations of current flow-battery technologies.
Avariety of organic molecules have been investigated as charge-storage materials in polymer-based organic batteries, for example,s table NO radicals,c arbonyl compounds,a nd organosulfur compounds. [26] These studies can be used as the starting point for the development of suitable organic materials tailored for applications in RFBs.T hese materials, which can be obtained by synthetic approaches,h ave to feature at least two stable and (electro)chemically reversible redox states.S tarting materials can be obtained from petrochemistry or, in the best case,b ye xtraction from renewable sources,w hite biotechnology,a sw ell as in the future by power-to-X technologies.N evertheless,t he exploitation of organic starting materials is not limited to certain geographical areas,b ut can be performed globally if an independent procurement of organic raw materials is possible.I np articular, Europe,b eing poor in numerous critical raw materials, might profit from its strong chemical industry,w hich can produce organic active materials on al arge scale.A nother advantage is the flexibility of organic materials.S olubility, chemical reversibility,a nd redox potential can be tuned by modification of the organic core component with particular functional groups to improve the battery performance.T he reversibility of the utilized redox couples are of particular interest, since the (electro)chemical reversibility determines the number of possible charge/discharge cycles of af low battery.
Separators
An ideal separator of af low battery keeps the redoxactive couples completely apart, but is permeable to the supporting electrolyte ions to enable charge balance. [27] The selectivity of the separator is crucial, as across-contamination of catholyte and anolyte leads to reduced efficiencies and, in the case of asymmetric electrolytes,al ong-term decay of capacity. [28] Al imited number of flow batteries can be used without aseparator,for example,flow batteries with two solid electrodes or batteries with ag as diffusion electrode. [29, 30] A wide range of separators were investigated over the last few years:p erfluorinated and non-perfluorinated ion-exchange membranes (e.g.N afion) are often used. [31] In flow batteries, where solvated polymeric species or particles are the utilized active material, porous separators,s uch as dialysis membranes or simple microporous PP/PE foils,c an be used. [32] [33] [34] [35] [36] [37] Furthermore,the modification of polymer-based membranes with coatings of inorganic particles,for example,was reported to increase the selectivity of the separator. [38] Al ow resistance of the separator is essential for good performance parameters of the battery.T he mechanical firmness and chemical inertness are of great importance for the long-term performance stability. [39] The" fouling" of am embrane gradually reduces the performance values of an RFB.I td evelops by attractive interactions between the membrane and the electrolyte,which causes an accumulation of these compounds on the surface or within the pores of the membrane.T his can lead to reduced selectivity (retention of the active materials) up to the point of complete clogging of the separator. [40] Flow batteries with different solvents for the anolyte and catholyte require the utilization of separators that completely isolate the two compartments,f or example,L ii np ropylene carbonate (anolyte) and TEMPO in water (catholyte). Ceramic membranes,w hich are conductive for as ingle ion, are utilized for this purpose.Asignificant drawback of this membrane technology is the restricted ion conductivity,which leads to limited applicable current densities. [41] 
Electrodes
Thee lectrodes of RFBs do not take part in the redox reactions of the cathode-and anode-active material, but provide the active surface for the reactions of the redox couples dissolved in the catholyte and anolyte,r espectively. They have to feature an excellent electrical conductivity, [42] high specific surface area, stability in the applied operating potential range of the RFB,and chemical inertness against the often highly corrosive electrolytes. [43, 44] Thecorrosion process of an electrode-for example,CO 2 evolution in all-vanadium RFBs-decreases the performance characteristics of the electrode. [44] [45] [46] In addition, electrodes should facilitate agood wettability of the electrolyte and enable high reaction kinetics of the utilized redox couples.D epending on the applied active material, this can be accomplished by activation or modification of the electrode by oxidation, doping, or addition of nanomaterials. [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] Solutions of organic compounds in water show as urfactant-like behavior and al ow surface tension. This results in ag ood wettability behavior, even without electrode modification. [34] Frequently used electrodes are graphite felt and carbon paper, but advanced electrodes were also fabricated from, for example,c arbon nanotubes,w hich catalyze the redox reactions. [57] Electrodes consisting of metal mesh/foam are also used and can be coated with, for example,p latinized Ti or IrO 2 . [58] [59] [60] A common side reaction during operation of aqueous batteries is the water-splitting reaction. An ideal electrode utilized in aqueous-based electrolytes prevents the evolution of hydrogen and oxygen, which is am ain cause for charge imbalance and efficiencyl osses.H owever,h ydrogen evolution is not limited to aqueous electrolytes,b ut is possible in all protic solvents.F or example,S uarez et al. reported sufficient inhibition of H 2 generation on ag raphite felt electrode that was coated with Bi nanoparticles. [61] This effect is accompanied with as lightly shifted potential of the vanadium reduction to higher potentials;presumably caused by ac atalytic effect. However,t he optimization of the electrodes has been investigated only for inorganic active materials.T herefore,t here is ag reat need for research to optimize the electrodes for organic active materials. 
Advantages and Challenges of Flow Batteries
Flow batteries offer av ariety of benefits.T he power and capacity of the system can be scaled independently from each other by separate sizing of the tank volume and the cell stacks (reaction cells). This allows an exact adaption to the associated generator unit. Flow batteries can switch between charging and discharging within afraction of asecond, but are actually designed for storing electricity for several hours. [21] In addition, modularized flow batteries,i nt he form of shipping containers,c an be moved and set up as "mobile" energystorage devices. [62] In this way,t he electrical power supply in decentralized regions,f or example in developing countries, could be ensured. [17] Common flow batteries rely on aqueous electrolytes that are not flammable,a nd as afe battery operation is guaranteed. Thel ifetime exceeds that of leadacid and lithium ion/polymer batteries significantly.T hese advantages can be utilized for application possibilities,s uch as,p eak shaving,a sw ell as load and frequency balancing. [63] Thei ncreasing amount of electricity generated from renewable sources,such as wind power and solar energy,can lead to peaks in the energy production. Fore xample,asignificant increase in electricity produced from photovoltaics is observable around midday.I nc ontrast, the energy demand is relatively low at this time compared to the evening.Electricity production from wind energy can exceed the energy demand considerably in stormy periods. [64] These phenomena can be monitored in the energy profile. [65] [66] [67] [68] Flow batteries can be used to flatten these profiles (peak shaving). When viewing the system as awhole,large energy-storage devices reduce the risk of black-outs caused by net frequency exceedances by intercepting over-production. [64, 69] Forthis purpose,enormous energy-storage devices have to be developed that have lifetimes of at least 20 years,t oo ffer cost-efficient and reliable energy storage.I nc ontrast to the proof-of-principle small-scale flow batteries,t hese large-scale systems are operated in ad ifferent manner.W hereas laboratory-scale tests are often performed under extreme conditions to study the materialsproperties,practical applications rely on milder conditions to extend the materialsl ifetime.L arge-scale systems have to deal with the hydraulic and electric cascading of numerous cell stacks and intelligent battery management systems.The development effort for these complex systems is very high, since av ariety of components and peripheral devices have to be harmonized and coordinated. [70] Further challenges are the relatively low volumetric energy density compared to lithium ion/polymer and lead-acid batteries. Current commercially available all-vanadium RFB (VRFB) systems feature an energy density of 25 Wh L À1 , [71] with conventional storage technologies such as lead-acid (40 Wh kg À1 ,1 00 Wh L À1 )a nd lithium ion/polymer (180 Wh kg À1 ,1 00 Wh L À1 )e asily outperforming this value. [72] Hence,t he space requirement of flow batteries is rather large to be competitive in the field of overall capacity. However,f low batteries have ab etter volumetric capacity than pumped hydro storage,the technology mostly used in the USA. [73] Thea cquisition and working costs are one of the most significant drivers that determines market penetration. The commodity price of vanadium is strongly dependent on the amount of high-performance steel produced and is,relatively high compared to lead and lithium ( Figure 3 TheA dvanced Research Projects Agency-Energy (ARPA-E) of the Department of Energy (DOE) set acapital cost target of $100 kW À1 h À1 for one hour of storage for market penetration. [74] An important advantage of RFBs that utilize organic charge-storage materials is ap ossible cost benefit over metal-based RFBs.S everal cost analyses were performed, amongst others,b yD arling et al. that illustrate that the two primary cost drivers are the price of the active material itself and the price of the utilized membrane. [75] [76] [77] As ac onsequence,t he production costs for the organic active material have to be as low as possible.T his requires low-cost starting materials,s imple chemical reactions with full conversion, and no necessary purification steps.Abasic calculation was performed by Huskinson et al.,which found redoxactive material prices of $27 kW À1 h À1 for the anthraquinone disulfonate/bromide system in contrast to $81 kW À1 h À1 for vanadium systems. [78] In terms of the utilized separator, perfluorinated proton exchange membranes have the highest costs,f ollowed by ion-exchange membranes,a nd finally porous separators having the lowest costs.T hus,t he application of polymer-based organic charge-storage materials is attractive. [34] In addition, it was found that flow batteries using electrolytes based on organic solvents are far from being costcompetitive. [75] Hence,w ater in combination with sodium chloride as the supporting electrolyte is the recommended electrolyte,b oth from ac ost and also as afety point of view.
Thecommon flow-battery systems (VRFB,Fe/Cr, and Zn/ Br 2 )i llustrate evident concerns regarding the environmental or social impact in the case of the production of the primary materials,damage,ordisposal. Forexample,ore mining may be executed in developing countries with unsatisfactory social and environmental standards (e.g.z inc mining in China) or the utilized electrolytes may reveal significant hazards. [23, 34, 79] Furthermore,t he overall efficiencyo ff low batteries is reduced by the control systems as well as the permanently operating pumps,which circulate the electrolytes between the electrochemical cell and the storage tanks.Anactive temperature management, which is necessary in VRFBs,can have an additional effect on the overall efficiency. [62] Thes ignificant challenge for organic charge-storage materials is the long-term stability of the electrolyte.I n contrast to metals,which form stable ions,organic compounds tend to undergo side reactions when they are either oxidized or reduced;inparticular, if radical ions are formed. Reactions with the electrolyte can also be observed. Fore xample,t he widely used redox-active cathode material TEMPO undergoes disproportionation reactions at pH values lower 2.5 and the oxoammonium cation is not stable in basic media. Thus, al ong lifecycle of the active materials can only be reached under optimized conditions.
Electrolytes based on metal redox-active materials can be galvanically recycled. Thermal recycling seems to be the best option for electrolytes based on organic active materials.
3.
History:" The Metal Age" Abrief summary of flow batteries based on metal redoxactive materials is presented in this section;amuch more detailed overview is given, for example,b yY ua nd coworkers, [80] Soloveichik, [81] Skyllas-Kazackos et al., [82] and Noack et al. [83] Thefirst battery type similar to todays flow batteries was patented by Kangro in 1949 . [84] This system employed Cr 2 (SO 4 ) 3 as the cathode and anode active material and 2 m sulfuric acid as the supporting electrolyte,a nd yielded ac ell voltage of 1.75 V. [85] TiCl 4 ,Ti/Fe, Ti/Cr,Ti/Cl 2 ,and Cr/Fewere also proposed as redox-active materials. [84] [85] [86] TheN ational Aeronautics and Space Administration (NASA) reported an Fe/Cr system in the 1970s,w hich gained much attention. [87] Thee mployed redox couples were Fe 3+ /Fe 2+ //Cr 3+ /Cr 2+ solvated in an acidified electrolyte.A1kW/13 kWh demonstrator was fabricated that worked in combination with ap hotovoltaic array.U nfortunately,t his RFB system suffered from fast capacity decay caused by crossover of the redox-active species across the utilized anion-exchange membrane.A s ac onsequence of this,m ixed electrolytes were utilized in following studies.Atthat time,nosatisfactory membrane was commercially available and custom-made membranes could not meet the requirements in terms of resistivity and selectivity.Adecade later Skyllas-Kazacos and Robins patented the VRFB. [88] This system utilizes the redox couples VO 2 + /VO 2+ //V 3+ /V 2+ ,a nd an open circuit voltage (OCV) of 1.3 Vw as reached. [89] Theo rigin of the aqueous Zn/Br 2 battery goes back to ap atent of Bradley from 1885. [90] The first hybrid-flow batteries were developed by Exxon and Gould Inc. in the 1970s and 1980s,respectively. [91, 92] ZnBr 2 is employed as the redox-active material. During the charging process,Zn 2+ (aq) is reduced to Zn 0 (s) and adeposit is formed on the electrode (electroplating). At the counter electrode,Br À is oxidized to elemental bromine.C omplexing agents,f or example,q uaternary ammonium salts are added to reduce the hazard of liquid or gaseous bromine. [93, 94] TheF e/Cr, Zn/ Br 2 ,all-vanadium, Fe/Zn, and all-iron flow batteries are either already commercially available or under development by several companies.Awide range of other metal-based redoxactive materials were investigated on alaboratory scale over the last few years.For example,Zn/Ce, [59, 95] Zn/Ni, [29] Ru, [96, 97] UO 2 + /U 3+ , [98] Mn 3+ /Mn 2+ , [99] all-Cu, [100] Pb/PbO 2 , [101] Ti/Fe, [102] Cu/PbO 2 , [103] and Li [104] [105] [106] were all investigated. Besides these metal-based systems,t he metal-free H/Br flow battery also represents apromising system. [30, 81, 83, 107, 108] 
Current Trends in Metal RFBs
Despite the fact that the systems described previously were already proposed several decades ago,they are still the subject of current research. Al ot of interesting technologies have been reported over the last few months.L ie tal. increased the energy density of VRFBs by utilizing am ixed HCl and H 2 SO 4 supporting electrolyte,a nd increased the solubility of vanadium to 2.5 m (energy density ca. 40 Wh L À1 ). [109] Theg roup of Skyllas-Kazacos reported ahigh energy density VRFB. [70] Typical concentrations of the redox-active vanadium were in the range of 1.6 and 2 m in commercial systems.Supersaturated solutions were obtained by the addition of inorganic additives;1wt %H 3 PO 4 and 2wt% (NH 4 ) 2 SO 4 were added to obtain 3 m vanadium solutions.T his system is as ignificant advancement and increases the theoretical capacity to 80 Ah L À1 .H owever, am aterial utilization of only 62 %w as reached in charge/ discharge experiments,thus leading to an achievable capacity of 49.6 Ah L À1 . [70] An ambipolar Zn/polyiodide HFB with asuperior energy density of 167 Wh L À1 was reported by Wang and co-workers. [110] Thea uthors utilized a5m ZnI 2 solution both as the catholyte and anolyte.P ublications on the iron/chromium RFBs have decreased significantly in recent years.N evertheless,t he EnerVault Corporation installed a2 50 kW/ 1MWh facility in California, USA, in summer 2015.
Lithium-flow batteries represent an emerging topic in the scientific community that tries to combine the benefits of Liion batteries and flow batteries.T he main benefit is an elevated cell potential in the range of 2.5 to 3V ,w hich is possible because of the utilization of an organic solvent. Chen et al. reported an on-aqueous sulfur-impregnated carbon composite dispersion as the catholyte and combined it with aL i (s) anode. [111] This setup leads to an average discharging voltage of 2V and an immense volumetric capacity of 294 Ah L À1 . As imilar design was reported by Mubeen et al. [112] Here, the concept of acarbon particle based cathode was extended by the utilization of ac arbon particle based anode,w here Zn 2+ /Zn 0 was the anode active material. Several cathode active materials were investigated:Cu, MnO,Br, and again S.
Huang et al. reported alithium iodide HFB with apotential energy density of 670 Wh L À1 .H owever,o nly af low battery with an energy density of about 0.4 Wh L À1 has so far been realized. [113] Metal-air flow batteries are of great interest, as they promise high energy and low-cost battery systems.Alithiumair battery was reported, in which an ionic liquid was used. [114] Angewandte Chemie Reviews 692 www.angewandte.org Thevanadium-air redox-flow battery (VARFB) or vanadiumoxygen fuel cell (VOFC) increases the energy density significantly compared to VRFBs. [115] [116] [117] [118] [119] Thec ommon anodic redox-reaction of V 3+ /V 2+ is utilized in combination with an oxygen cathode.
Weie tal. reported an aqueous,p H-neutral Fe/S flow battery. [120] This battery features 1m solutions of Na 2 S 2 and K 3 Fe(CN) 6 as the catholyte and anolyte,r espectively,w hich leads to acapacity of 11.7 Ah L
À1
.Adrawback of this battery system is the limited cell voltage of 0.91 V. However, this system represents anotable innovation regarding the acquisition costs compared to VRFBs,w hich are stated to be only one third of those of vanadium in terms of raw material cost per kWh.
Manohar Some of these systems show several problems in relation to the environmental and sociopolitical impact, or the system design is too complicated for large-scale batteries.T he compatibility of flow batteries with these considerations can be improved by the utilization of regenerative and noncorrosive electrolytes.Asaconsequence,the implementation of organic redox-active species is afirst move in this direction. Moreover,the utilization of organic materials can reduce the acquisition costs per kWhcompared to cost-intensive metals. Theu tilization of organic redox-active materials in flowbattery applications will be discussed in detail in the following section.
Rise of the Organic Active Materials
As already mentioned, conventional metal-based flow batteries have several drawbacks,w hich limit their commercial success.H owever,t he development of RFBs based on inexpensive and sustainable redox-active organic materials can overcome these drawbacks.
When we use the term "organic" or "all-organic" in association with flow batteries,w er efer only to the redoxactive materials utilized and not to the solvent or the supporting electrolyte,w hich can be water or any organic solvent capable of dissolving the organic redox-active material.
Intensive research on the use of RFBs as flexible and scalable energy-storage systems came to the conclusion that future RFB systems,irrespective of their use for domestic or large-scale application, have to utilize noncorrosive,safe,and especially low-cost charge-storage materials. [34, 122, 123] In the last decade the first steps were taken by the utilization of organic additives such as complexing agents, [124, 125] followed by metal-ligand complexes with organic ligands as chargestorage materials, [58, 96] and subsequently to flow batteries with an inorganic and an organic active material. [32, 126] In recent years,o rganic/halogen, [78, 127] and all-organic RFBs were developed. [128, 129] Organic compounds offer the potential to overcome several metal-related problems and may lead to sophisticated high-performing RFBs for tomorrowselectricity grids.F or that purpose,n ew organic redox-active chargestorage materials have to be discovered and investigated for application in RFBs.T hese materials can be low-molar-mass compounds (molar mass < 1000 gmol À1 and 2r epeating redox-active units) or redox-active polymers,b oth with welldefined electrochemical properties.S elected examples are summarized in Figure 4 .
Flow Batteries with Organic/Inorganic Redox-Active Materials
These RFBs utilize one redox-active organic material and as econd inorganic species for the charge-storage process. This classification refers only to the active material employed. Other components,s uch as solvents,m etal-based supporting electrolytes,and additives of any kind, are excluded. Ther eported single-flow battery has the advantage of being membrane-free and, therefore,saving investment costs. Ther equirement of as trongly acidic electrolyte for the chloranil cathode,however, can be seen as adrawback.
In as ubsequent study,t he authors reported al ead/4,5-dibenzoquinone-1,3-benzenedisulfonate (tiron) HFB. [133] The test cell, equipped with aN afion 115 membrane,u tilized 0.25 m tiron in 3 m H 2 SO 4 as the cathode material and a Pb 2+ /Pb 0 hybrid anode.
Thec harge/discharge test indicated an irreversible reaction at an elevated cell voltage and alow coulombic efficiency of 38 %inthe first cycle.Anaverage coulombic efficiency of 93 %and an average energy efficiency of 82 %were achieved over the following nine cycles.T he cycling of the battery was performed at 10 mA cm À2 and the energy density was calculated to be 2.8 Wh L À1 .S imilar to chloranil, the electrochemical behavior of tiron is strongly pH-dependent and the reported HFB can only be operated with electrolytes below pH 4. Furthermore,t iron exhibited an electrochemical hydroxylation during the first electrolysis,which causes apart of the active material to undergo an irreversible side reaction.
In 2012, Wang et al. reported an organic/inorganic HFB based on an anthraquinone derivative with methoxytriethyleneglycol substituents (15D3GAQ) dissolved in propylene carbonate as the organic cathode material, lithium as the anode,a nd LiPF 6 as the supporting electrolyte. [138] Anthraquinone derivatives are well-known as organic cathode materials for lithium-ion batteries and, therefore,the redox mechanism has been extensively investigated. [139] [140] [141] [142] [143] Theethylene glycol moieties promote solubility,inparticular in non-aqueous polar solvents,a nd ac oncentration of 0.25 m has been reached.
Thee lectrochemical performance of 15D3GAQw as investigated in as tatic test cell, equipped with ap orous polypropylene separator and 0.25 m 15D3GAQand 1m LiPF 6 in propylene carbonate as the supporting electrolyte and anode-active material, respectively.T he static cell was charged and discharged in the range of 1.8 and 2.8 V, and demonstrated an energy efficiencyo f8 2% and at heoretical specific discharge energy density of 25 Wh L À1 over nine cycles.Acurrent density of 0.1 mA cm À2 was applied in the first cycle,but was raised progressively up to 10 mA cm À2 . [138] Nevertheless,a no ptimization of the electrolyte is necessary to overcome an observed decline in the discharge capacity, caused by side reactions between anthraquinone and the carbonate-based solvents. As ac onsequence of the considerable potential of anthraquinones as organic redox-active materials,B achman et al. investigated the redox chemistry,t he influence of substituents on the redox potential, and the solvation free energy of about 50 anthraquinone derivatives by density functional theory (DFT) calculations. [145] Thes tudy revealed that ac omplete methylation of the anthraquinone core decreases the reduction potential by 0.47 Va nd that the introduction of oxymethyldioxolane substituents (with asimilar reduction window and adequate oxidative stability) enhances the solvation energy. [145] In apreliminary study,Quan et al. used conducting cyclic voltammetry measurements to investigate the electrochemical properties of anthraquinone in buffered and unbufferd aqueous solution at different pH values. [146] In these studies, quinoidic structures revealed promising properties for chargestorage applications in flow batteries.T he solubility could be ensured by the choice of suitable substituents,a nd the redox potential can be adjusted in the same manner.
In 2015, Lin et al. reported an alkaline quinone flow battery by utilizing commercially available 2,6-dihydroxyanthraquinone (2,6-DHAQ, Figure 5 ) and ferrocyanide/ferricyanide. [147] This system represents an improvement over the organic/halogen aqueous RFB (Huskinson et al.; [78] ad etailed description can be found in Section 4.2). Thef errocyanide/ ferricyanide replaced the dangerous Br 2 /2 Br À redox couple.I nc ontrast to this,ferrocyanide/ferricyanide has alow toxicity and is nonvolatile.The authors claimed on the basis of these characteristics that the reported RFB can be used as ac ost-efficient, nontoxic,n onflammable,a nd safe energy-storage system. However,t he strongly alkaline electrolyte is also highly corrosive (pH 14;1m KOH).
Thei ntroduced electron-donating hydroxy groups in the 2,6-DHAQr educe the reduction potential and increase the battery voltage. [78, 147] Furthermore,t he hydroxy groups are deprotonated in alkaline solution, which improves the solubility up to 0.6 m in a1 m KOHs olution at room temperature.T he reduction potential is independent of the pH value above pH 12. Hence,t he reversibility of the redox reaction was investigated by cyclic voltammetry at pH 14, and displayed ar apid kinetic rate constant and two one-electron reductions separated by 60 mV.
Thee lectrochemical performance was investigated in af low cell containing aN afion 212 membrane,0 .5 m 2,6-DHAQd ipotassium salt in 1m KOHs olution as the anolyte, and 0.4 m K 4 Fe(CN) 6 in 1m KOHs olution as the catholyte; this performance correlates to an energy density of 6.8 Wh L À1 .Aconstant current density of 100 mA cm À2 was applied, and 100 charge/discharge cycles with ac urrent efficiency above 99 %a nd as teady energy efficiency of 84 %w ere measured ( Figure 6 ). [147] 4.1.1.2. TEMPO-Based Redox-Active Materials Weie tal. reported in 2014 al ithium HFB containing 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) as the organic active material. [126] TEMPO is astable,heterocyclic nitroxide radical that had already been explored as ar edox-active material for semiorganic lithium and all-organic radical batteries. [148] [149] [150] Cyclic voltammetry studies of TEMPO with LiPF 6 as the conductive salt, dissolved in ethylene carbonate (EC)/propylene carbonate (PC)/ethyl methyl carbonate (EMC;weight ratio of 4:1:5), demonstrated highly reversible redox reactions and ao ne-electron transfer for the nitroxide radical/oxoammonium cation redox couple [Eq. (12)].
To investigate the electrochemical performance of TEMPO in af low-battery environment, an on-aqueous hybrid Li/TEMPO flow cell with ah ybrid anode of lithium foil and graphite felt, apolyethylene-based porous separator, and graphite felt as the cathode was fabricated. Furthermore, af luoroethylene carbonate (FEC) additive was added to protect the Li anode.TEMPO,dissolved in amixture of EC/ PC/EMC (weight ratio of 4:1:5), as well as LiPF 6 as support- ,r ecorded between the 10th and 19th cycles. b) Capacity retention, current efficiency,and energy efficiency values of 100 cycles. Normalized capacity is evaluated on the basis of the capacity of the first charge and discharge cycle. [147] Angewandte Chemie Reviews ing electrolyte and anode active material, was added to both cell compartments,b ut only circulated on the cathode side.
Battery tests with various concentrations of TEMPO (0.
À1 during the first 30 cycles was achieved. [126] Theo btained results,i np articular for higher concentrations up to 2.0 m TEMPO,with atheoretical energy density of 126 Wh L À1 surpass the performance of other conventional aqueous and non-aqueous RFBs. [129, [152] [153] [154] These high energy densities are facilitated by the large difference in the redox potentials,which lead to as ystem voltage of 3.5 V. [126] Thea uthors reported ah igh solubility of TEMPO up to 5.2 m in the solvent mixture,w hich offers the possibility to further increase the energy density. [126] However,the viscosity of the electrolyte also rises as the concentration increases,and results in ah igh power demand of the pumps for circulating the electrolytes.T hus,t he overall system efficiencyo f ap ractical RFB is significantly lowered. Furthermore,s uch high energy densities at alimited maximal current density are not practical in the everyday use of af low battery,s ince the cell stack would need to be prohibitively large.
Takechi et al. discussed that ac oncentration higher than 2.0 m is difficult to obtain for redox-active organic materials in aqueous and non-aqueous solvents,a nd came to the conclusion that the use of an ionic liquid could overcome this limitation and enable higher maximal theoretical energy densities. [41] TheT EMPO derivative 4-methoxy-2,2,6,6-tetramethylpiperidine-1-oxyl [MeO-TEMPO,redox mechanism in Eq. (12)] was selected as the organic redox-active compound and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) as the supporting electrolyte.T he TFSI anion exhibits an uncommon plasticizing effect and induces the formation of asupercooled liquid.
Am ixture of MeO-TEMPO and LiTFSI (MTLT) in am olar ratio of 1:1f eatures a" self-melting behavior and formed as mooth viscous liquid". [41] MTLT( 1:1) showed the best energy density,b ut also had as ignificant viscosity (h) above 10 Pa sa tr oom temperature,w hich is caused by the concentration of the redox-active material, and is 500 times higher than the viscosity of classical electrolytes applied in VRFBs. [155, 156] Thev iscosity was reduced by the addition of water to the molten MTLT(1:1), thereby enabling application in RFBs.MTLT(1:1) plus 17 wt %H 2 Oexhibited aviscosity of 72 mPa sa nd ac onductivity (s)o f3 .1 mS cm À1 .H owever, the capacity was lowered to 1.11 mAh.
Thes ystem was chosen as the catholyte for further investigations in flow-cell tests.Ahybrid battery with al ithium ion conducting glass ceramic (LIC-GC) membrane and lithium metal as the anode was constructed. MTLT(1:1) plus 17 wt %o fH 2 Ow as utilized as the catholyte and 1m LiTFSI in propylene carbonate as the anolyte.Anon-pumped battery showed over 20 charge/discharge cycles at ac urrent density of 0.1 mA cm À2 with ac harge/discharge capacity of 93 %a nd 92 %, ac oulombic efficiencyo f9 9%,ac apacity retention of 84 %, acalculated energy density of 200 Wh L À1 , and as pecific energy of 155 Wh kg À1 ,w hich are the highest energy densities achieved for organic/inorganic flow batteries to date.T he charge/discharge tests in aflow battery revealed asteady capacity retention with abroad range of flow rates at restricted current densities from 0.1 to 1mAcm
À2 . [41] In particular,this limited current rating, which is induced by the LIC-GC separator and the carbonate-based organic anolyte, prevents commercialization of this system.
Alkoxybenzene-Based Redox-Active Materials
Huang et al. reported redox-active low-molar-mass compounds as cathode materials for non-aqueous RFBs in 2014. [134] Based on the general structure of dimethoxy-ditert-butylbenzene (Figure 7) , which is responsible for the electrochemical properties and stability,o ligoethylene oxide chains were introduced to increase the moderate solubility (ca. 0.4 m)i nc arbonate-based polar solvents and, consequently,the energy density.
Besides the better solubility,the authors also observed an alteration of the physical properties at room temperature, from as olid state (DBBB) over as emi-liquid (ANL-10) to liquid (ANL-8, ANL-9). This enables new possibilities to significantly increase the energy density.T he utilization of as upporting electrolyte,w hich is soluble in the chargestorage material, would allow the solvent to be replaced.
Thet hree charge-storage materials (ANL-8, ANL-9, and ANL-10) were investigated by cyclic voltammetry in propylene carbonate with 0.2 m LiBF 4 and exhibited agood electro- 
+ /Li. However,A NL-8 features ad iffusion coefficient of the same order of magnitude as vanadium, [157, 158] DBBB, [159, 160] and several quinone derivatives. [78, 161] The battery tests were performed with 1mm ANL-8 plus 0.5 m LiBF 4 as aconducting salt, dissolved in propylene carbonate, at aconstant charging current of 0.4 mA in abulk-electrolysis cell, where an energy density of 0.05 Wh L À1 for the catholyte could be achieved. Theo btained voltage,e nergy efficiency, and capacity profiles revealed ad eviant behavior at the first cycle,which indicates aside reaction during the first charging process.The energy efficiency of the first cycle was only 37 %, whereas the value for the following cycles was 81 %. [134] Huang et al. also investigated several other 1,4-dimethoxybenzene derivatives as redox-active materials for non-aqueous RFBs in as ubsequent study. [162] Starting from 2,5-di-tert-butyl-1,4-bis(2-methoxyethoxy)benzene) (DBBB), well-known as amaterial for protection against overcharging in lithium-ion batteries, [163] the authors modified the sterically demanding substituent groups to increase the solubility.F ive substituted 1,4-dimethoxybenzened erivatives were generated and further investigated. Cyclic voltammetry measurements showed that 2,3-dimethyl-1,4-dimethoxybenzene (23DDB) and 2,5-dimethyl-1,4-dimethoxybenzene (25DDB, Figure 8 ) underwent quasireversible redox reactions and aone-electron transfer.
Thus,23DDB and 25DBB were further explored through galvanostatical cycling in abulk electrolysis cell. Theutilized electrolytes contained 1mm redox-active material and 0.5 m LiTFSI dissolved in polycarbonate.T he corresponding electrolytes were charged/discharged from 0t o5 0% state of charge (SOC) over 100 cycles at acharging current of 0.4 mA.
Thec alculated energy density of 0.05 Wh L À1 for the cathode material as well as the charge and discharge capacities illustrate the drawbacks of these two derivatives. These studies showed that 50 %o f2 5DBB and 50 %o f 23DBB turned irreversibly into an on-rechargeable species after approximately 48 cycles and 15 cycles,r espectively. Accordingly,t he average coulombic efficiencyo f2 5DDB is about 90 %f or the first 40 cycles and of 23DBB between 75 and 80 %f or the first 20 cycles. [162] In contrast to the good electrochemical properties of these alkoxybenzenes seen from CV measurements,t he battery tests revealed several concerns regarding the chemical reversibility of the active material. Therefore,their general suitability as active materials is questionable.
In contrast, TEMPO-containing organic/inorganic flow batteries showed elevated energy densities (64 to 200 Wh L À1 , for the cathode materials), which was facilitated by the utilization of aL i (s) anode and an electrolyte based on an organic carbonate.However, the current rating was restricted and safety concerns remain. In contrast, the quinone battery has excellent current ratings,b ut al imited energy density. However,the safety aspect is improved.
On the basis of these results,anthraquinone and TEMPO derivatives are the most promising organic charge-storage materials because of their interesting redox potentials,g ood chemical reversibility,a nd fast kinetics.H owever,f uture challenges concern the development of suitable substituents to further improve the performance and the solubility of these redox-active units for RFB applications.
Flow Batteries with Polymer-Based Organic/Inorganic
Redox-Active Materials
As ignificant drawback of common RFBs is the often utilized and expensive Nafion ion-exchange membrane.T he application of polymers with sufficiently high molar masses and linear, starlike,h yperbranched, or cyclic architectures instead of low-molar-mass compounds as organic redoxactive materials allow the use of cost-efficient size-exclusion/ dialysis membranes and microporous separators. [32] [33] [34] [35] [36] In 2013, Zhao et al. reported the first polymer-based HFB, which utilized polyaniline (PANI) particles as the chargestorage material. Thea uthors constructed aH FB based on az inc plate as the anode,acost-efficient polypropylene microporous separator,a nd af lowing PA NI microparticle suspension in ZnCl 2 and NH 4 Cl as the catholyte. [35] Thef abricated flow battery was operated for 32 charge/ discharge cycles.C urrent densities in the range of 10 to 30 mA cm À2 were applied, whereby al inear decrease in the achieved capacity with increasing current densities was observed. Coulombic efficiencies of 97 %a nd ad ecrease in the discharge capacity retention of 0.07 %p er cycle were obtained. Furthermore,t he calculated maximal theoretical energy density of 66.5 Wh L À1 exceeds the value of about 25 Wh L À1 of conventional VRFBs. [35, 109] However,t he charge/discharge cycling at ac urrent density of 20 mA cm
À2
with an average discharge voltage of 1.1 Vand ad ischarge capacity density of 115.2 mAh g À1 (150 gL À1 PA NI suspension) reaches am aximal energy density of 9.5 Wh L À1 . Furthermore,c oulombic efficiencies of over 100 %w ere achieved in some experiments.T he authors ascribed this phenomenon to the oxidation of the PA NI particles by atmospheric oxygen. In the discharging procedure,t hese chemically oxidized particles can be reduced by consumption of the supporting electrolyte Zn 2+ (aq) .H ence,along-term decline in the battery performance is apparent. In addition, the application of aconductive polymer as the charge-storage material is not favored, as the redox potential of the polymer changes with the degree of oxidation (level of charging). This leads to steep potential curves in ab attery application. The redox system was improved in afollowing study by using Agdoped PA NI particles. [165] Nagarjuna et al. presented ap oly(vinylbenzylethylviologen) nonconductive polymer as the cathode material for nonaqueous flow batteries in 2014. [36] Thea uthors synthesized five vinylbenzylethylviologen polymers with molar masses (M n )of21, 104, 158, 233, and 318 kg mol À1 .These redox-active polymers (RAPs) featured ag ood solubility (above 2.1m per repeating unit) in non-aqueous solvents such as acetonitrile or propylene carbonate,a sw ell as chemically reversible redox reactions in cyclic voltammetry measurements.T he authors employed aC elgard microporous trilayer PE/PP separator and observed, at cell-operating conditions,ap olymer crossover of 7% for the RAP with am olar mass of 318 kg mol À1 over aperiod of 6h.
Thee lectrochemical performance was investigated by using an on-aqueous redox-flow-cell configuration, which contained ametal oxide auxiliary electrode.The utilized flowcell setup was not completely charged/discharged and demonstrated ac harge capacity of 44 %a nd ac oulombic efficiency of above 45 %ataCrate of 1/10.
In the same year,S ukegawa et al. described a2 ,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) substituted bottlebrush polymer with aw ell-defined size as ap otential catholyte for flow-battery applications. [166] Bottlebrush polymers feature al ower viscosity than linear polymers with the same molar mass.F urthermore,t he structure of ab ottlebrush polymer is spatially tunable,f or example,b yt he ratio of the length of the side chain and the main chain. Thea uthors synthesized the target polymer poly(norbornene)-g-poly(4-methacryloyloxy-2,2,6,6-tetramethylpiperidine-1-oxyl) (PNB-g-PTMA) by a"grafting-through" technique.
Thefabricated half-cell included asingle flow channel, an AgCl/Ag reference electrode,a nd ac arbon mesh current collector as the working electrode.0.1m PNB-g-PTMA (M n = 2.2 10 5 gmol À1 )p lus 0.1m n-tetrabutylammonium perchlorate as asupporting electrolyte dissolved in ethylene carbonate/diethyl carbonate (1:1 in volume) were constantly circulated through the system. Ahalf-cell charge/discharge experiment revealed ap lateau potential at 1.0 Vv ersus AgCl/Ag and ac harge capacity utilization of 95 %a taC -rate of 1. Furthermore,1%ofthe utilized polymer passed through the porous separator over ap eriod of 24 h.
Ther eported PNB-g-PTMA bottlebrush polymer is an otable innovation in the field of polymer-based RFBs (pRFB) and is designed, in particular,t oc ounteract the increased viscosity of the electrolyte,o ne of the greatest challenges pRFBs have to overcome.However,the solubility has to be further increased to improve the energy density of this system. Similar concepts should be applied to watersoluble polymers.
In 2016, Winsberg et al. reported an ovel, "green" poly-(TEMPO)/zinc semiorganic HFB. [32, 33] Theauthors combined the benefits of the zinc/halogen flow battery with those of an all-organic polymer RFB, [34] which uses low-cost organic polymers as redox-active materials as well as as imple sizeexclusion membrane as separator. Compared to recently reported zinc-halogen HFBs,t his battery shows significant improvements in terms of corrosion and environmental impact. Three TEMPO-containing polymers were applied, one P(TMA-co-METAC)a nd two P(TMA-co-PEGMA)s (TMA = TEMPO methacrylate,METAC = [2-(methacryloyloxy)ethyl]trimethylammonium chloride,P EGMA = poly-(ethylene glycol) methacrylate) with various monomer to co-monomer ratios,a sr edox-active materials in carbonatebased and aqueous electrolyte systems.Ahybrid flow battery was constructed with ad ialysis membrane as the separator, zinc foil as the anode,a nd P(TMA-co-PEGMA) as the cathode active material. Thes upporting electrolyte and anolyte used was Zn(ClO 4 ) 2 6H 2 Oi ne thylene carbonate (EC)/dimethyl carbonate (DMC)/diethyl carbonate (DEC; v:v:v, 1:1:1). Astable charge/discharge cycling was performed over 500 cycles and revealed an average capacity decay of 0.04 %p er cycle and coulombic efficiencies of > 99.7 %. Current densities in the range of 0.5 to 4mAcm À2 were applied. Here,alinear decrease in the energy efficiency with increasing current density was observed. Thea uthors demonstrated amaximum capacity of 6.1 Ah L À1 . Battery tests in aqueous electrolyte systems were performed to reach higher applicable current densities.T he utilized aqueous catholyte contained P(TEMPO-co-METAC)a st he cathode active material plus 0.71m NaCl, 0.08 m ZnCl 2 ,and 0.08 m NH 4 Cl as the supporting electrolyte. Current densities up to 12 mA cm À2 and an energy density of 1.9 Wh L À1 were reached. Additionally,t he coulombic efficiency with am aximum of 99 %a t1 2mAcm À2 always remained above 90 %a nd the energy efficiencya lways above 80 %. Agood long-term stability with 1000 consecutive charge/discharge cycles,w ith an initial discharge capacity retention of 79 %, were achieved ( Figure 9 ).
Current densities up to 20 mA cm À2 and an energy density of 4.1 Wh L À1 were achieved with an aqueous catholyte containing P(TEMPO-co-PEGMA) plus 1.0 m ZnCl 2 and 1.0 m NH 4 Cl as the supporting electrolyte.Amaterial activity of 88 %w as reached, and the coulombic efficiency stayed mostly above 90 %a tv arious current densities.H owever, al inear decrease in the capacity occurred at increasing current densities.
This organic/inorganic HFB permits as table potential window of up to 2V(OCV 1.7 V) in an aqueous electrolyte system. Furthermore,c ontamination with oxygen is unproblematic and an expensive process to render the HFB inert is unnecessary.
In af ollowing study the authors demonstrated the application of core-corona micelles with aT EMPO-containing corona as the cathode active material. [33] À2 .The battery featured an energy density of 0.8 Wh L À1 . From these described polymer-based organic/inorganic flow batteries,the combination of zinc/organic polymer [32, 33, 35] shows the greatest potential for further developments.A s mentioned before,T EMPO-based redox-active materials, [32, 33, 166] in particular,are promising charge-storage materials because of their well-defined redox behavior. Theg ood long-term stability is ensured by the hindered recombination of two TEMPO moieties because of steric effects,t he delocalization of the radical electron, and an unfavored NO À ON bond formation.
In contrast to RFBs based on low-molar-mass organic charge-storage materials,p olymer-based RFBs allow the utilization of cost-efficient size-exclusion (dialysis) membranes and microporous separators.N evertheless,p otential challenges such as an increased synthesis effort, solubility,and viscosity properties have to be addressed in future studies.
Redox-Flow Batteries Based on Organic/Halogen RedoxActive Materials
These RFB systems operate without the utilization of any metal as the redox-active material. Thef irst was reported by . [78] It is based on 9,10-anthraquinone-2,7-disulfonic acid (AQDS) in H 2 SO 4 as the anolyte and Br 2 / 2Br À in HBr as the catholyte (Figure 10 ). Theemployed flow- [147] illustrate that anthraquinones represent ap romising organic anode material for RFB applications.T heir synthesis from inexpensive starting materials is straightforward and can be easily scaled up.F urthermore,A QDS undergoes avery fast and chemically reversible two-electron two-proton reduction in sulfuric acid. Akinetic rate constant (k 0 )of7. 2 10 À3 cm s À1 was measured, which is very high compared to the corresponding values of other metal-based redox-active materials used in flow-battery applications. [23] Theu tilized AQDS has asolubility of greater than 1m at pH 0, which can be increased by the introduction of functional groups,such as hydroxy groups.N evertheless,t he described quinone/hydroquinone redox couple also shows some drawbacks,s uch as limited solubility in aqueous media. Furthermore,t he necessity to conduct the battery tests at at emperature of 40 8 8C increases the energy demand and lowers the over-all efficiency of the system.
In af ollowing study,t he authors described in detail the cycling performance of this flow battery. [168] Thei nitially applied Nafion 212 membrane was replaced by aN afion 115 membrane and the electrolyte contained 1m AQDS in 1m H 2 SO 4 as the anolyte (100 mL) as well as 3 m HBr and 0.5 m Br 2 as the catholyte (120 mL). At ac urrent density of 250 mA cm À2 ,t he flow cell exhibited an average discharge capacity retention of nearly 100 %p er cycle over 106 cycles. À1 . c) Long-term stability test, cycling of astatic cell. d) Electrical performance:capacity,c oulombic, voltage, and energy efficiency depending on the applied current density. [32] At acurrent density of 750 mA cm À2 ,the flow cell was cycled 750 times and revealed an average current efficiency of 98 % as well as an average discharge capacity retention of nearly 100 %per cycle.
In 2015, Chen et al. also reported aquinone/bromide RFB based on the cell design developed by Huskinson et al. [127] In contrast to the earlier study, [78] baked (400 8 8Ci na ir for 24 h) SGL carbon paper (ca. 400 mmt hick) was utilized instead of pretreated Toray carbon paper (7.5 mmthick, uncompressed) as electrodes to enhance the power output. Thecell operated at 40 8 8Cusing AQDS in 1m H 2 SO 4 as the anolyte and 3 m HBr together with 2 m Br 2 as the catholyte.A lthough the anolyte and the anode compartments were not altered, the composition of the catholyte was modified. Theredox potential and, thus,t he cell voltage could be increased by reducing the concentration of HBr or enhancing the Br 2 concentration.
Adversely,ad ecrease in the HBr concentration led to an increase in the membrane and electrolyte resistance and additionally to ah igh rate of bromine crossover.T he described flow cell revealed as hort-circuit current density above 4000 mA cm À2 at 90 %SOC and apeak galvanic power density of 1Wcm À2 . [127] These data represent as ignificant improvement in reference to the published results of Huskinson et al. [78] Furthermore,t he achieved peak galvanic power density of 1.0 Wcm À2 is 75 %higher than the maximum values of previously published VRFBs .
[ 169] In asubsequent study,Chen et al. also reported acycling analysis of the quinone/bromide RFB. [170] Thea uthors used 1m AQDS in 1m H 2 SO 4 as the anolyte (25 mL) and 3.5 m HBr in combination with 0.5 m Br 2 as the catholyte.T he battery tests were performed at 30 8 8C, with current densities in the range of 100 to 1000 mA cm À2 with the aim of investigating the impact of the current density on the voltage polarization, charge capacity,a sw ell as,c urrent, voltage,a nd energy efficiency.S ince the focus was on the organic redox-active anode material, as ignificant excess of the active species on the cathode side was employed, which led to aratio of positive to negative charge capacity of 5:36. Thea uthors observed linear polarization curves at current densities up to 250 mA cm À2 at aS OC in the range of 10 to 90 %. The overvoltage increased as the current density increased, and resulted in an earlier accomplished voltage limit, which led to adecrease in the utilized charge/discharge capacity.Leakage of the anolyte,destruction of the redox-active anode material, and the Br 2 crossover also resulted in adecrease in the charge/ discharge capacity.T hus,40% of the theoretical capacity was achievable at acurrent density of 1000 mA cm À2 .Onthe basis of the obtained results,C hen et al. were able to explain the relationship between current density and coulombic,voltage, and energy efficiencyt hrough established equations.
Zhang et al. reported in 2016 an improvement to Lis [171] investigated 3D numerical model and simulation study of the quinone/bromide RFB. [172] A3 Dn on-isothermal transient model with added graphite plates as well as at emperature field was utilized to investigate the influence of current, temperature,a nd electrolyte flow rate on the battery performance of the quinone/bromide RFB.T he flow-cell setup was designed in accordance with that of Huskinson et al. [78] Battery tests were simulated with current densities in the range of 50 to 400 mA cm À2 with the aim of investigating the impact of the current density on the battery performance. Furthermore,b attery tests were performed with ac urrent density of 200 mA cm À2 and 500 mA cm À2 to compare the obtained computational results with experimental data; ag ood comparability was found. Thei nvestigated 3D model showed as trong influence of the flow channel structure and temperatures > 30 8 8Cont he battery performance.
As mentioned before,anthraquinone derivatives revealed excellent properties as charge-storage materials in battery applications.However, the solubility needs to be increased to 2 m and bromine needs to be replaced by as afer organic cathode active material in future studies. As previously discussed, the focus of research in the field of flow batteries should be the development of aR FB using noncorrosive,s afe,a nd in particular low-cost redox-active organic charge-storage materials. [34] Thereby,p romising redox-active low-molar-mass compounds as well as redoxactive polymers are of interest. Both systems have inherent advantages;s mall molecules have the advantages of little or no synthetic effort, potential high solubilities,a nd good diffusion coefficients,whereas polymers offer the prospect of using more cost-efficient and robust separators compared to ion-selective membranes.
Thed evelopment of as o-called all-organic equivalent to aV RFB with ab ipolar redox-active material is of high interest, because this material would be able to undergo oxidation as well as reduction reactions and could, therefore, be applied as both the cathode-and anode-active material. This feature would reduce the synthesis effort of the whole process and potentially overcome the problem of crosscontamination, since as low mixing of the electrolytes would only lead to ar educed coulombic efficiency but not to ac ontinuously decreasing charge/discharge capacity. [28] 4.3. In 2011, Rasmussen investigated pyrazine-based cyanoazacarbon derivatives as potential bipolar organic redoxactive materials. [173] Cyclic voltammetry measurements of the derivative 9,10-butyl-2,3,6,7-tetracyano-1,4,5,8,9,10-hexaanthracene revealed ac hemical reversibility for the oxidation as well as the reduction reaction, and apossible cell potential of nearly 3V .
Af ew years later,P otash et al. reported as ymmetric redox-flow battery,w hich utilizes diaminoanthraquinones (DAAQs) as bipolar redox-active materials. [28] Several commercially available DAAQsw ere investigated by cyclic voltammetry,w ith the DAAQ derivative Disperse Blue 134 (DB-134) showing ag ood reversibility in both the oxidation and reduction reactions.T herefore,t his material was further investigated in ag lass H-cell, where the compartments were separated by aglass frit with medium porosity.Solutions with ac oncentration of 50 mm DB-134 and 100 mm tetrabutylammoniumperchlorate in acetonitrile/toluene (v/v;3 :2) were charged/discharged at ac urrent of 2mA. Thea uthors demonstrated three charge/discharge cycles with asubsequent reversal of polarization. Depending on the cycling method, acoulombic efficiency in the range of 85 and 61 %, avoltage efficiency between 53 and 45 %, and an energy efficiencyi n the range of 43 and 28 %w ere achieved. Thec ontinuous decrease can be explained by aslow degradation of the redoxactive DB-134. Theo bserved energy density was 0.94 Wh L À1 . [28] These moderate results of the battery tests are induced by the limited solubility of the utilized DB-134 in the electrolyte,t he observed crossover through the porous glass frit, and the incomplete inert battery setup.
In 2016, Duan et al. published an alternative approach to an on-aqueous symmetric redox-flow battery by using the commercially available 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl oxide (PTIO,F igure 11), an itronyl nitroxide radical, as the bipolar organic redox-active material. [174] Compounds containing nitronyl nitroxides were first described in 1968 by Osiecki et al.,a nd subsequently investigated electrochemically in detail and used in several magnetic applications. [175] [176] [177] [178] [179] [180] [181] [182] [183] PTIO,a sanovel charge-storage material for RFBs, features ap otential high solubility of about 2.6 m in acetonitrile.However, aflow cell with aPTIO concentration > 0.5 m has not been realized so far.Furthermore,acrossover of the redox-active material through the separator, which limits the CE, and ahigh viscosity of the electrolyte was observed. The state of charge and the concentration of PTIO was monitored by FTIR spectroscopy.The cycling performance of aflow cell that utilized aDaramic porous separator and 0.5 m PTIO with 1m TBAPF 6 /acetonitrile as the supporting electrolyte was investigated. Thet est cell completed over 15 cycles at ac urrent density of 20 mA cm À2 at ac oulombic efficiencyo f about 90 %, avoltage efficiencyof67%,anenergy efficiency of 60 %, and an energy density of 9WhL À1 during charge as well as 5WhL À1 during discharge.These results are far better than the values of the symmetric redox-flow battery reported by Potash et al. [28] However,i ndependent of the utilized PTIO concentration, the demonstrated flow cells show acontinuous capacity loss,p robably because of an electrolyte imbalance and/or chemical instability of the charged redox-active material.
Asymmetric Redox-Flow Batteries with Organic RedoxActive Materials in Organic Electrolytes
In 2011, Li et al. reported the first RFB with two redoxactive organic compounds,T EMPO and N-methylphthalimide,a sthe cathode and anode active material. [129] Cyclic voltammetry measurements showed quasireversible redox reactions for both compounds with av oltage of approximately 1.6 V. Thea uthors performed battery tests with at est cell containing aN epem 117 cation-exchange membrane by using 0.1m TEMPO and 0.1m N-methylphthalimide,b oth dissolved in anhydrous acetonitrile plus l m NaClO 4 supporting electrolyte,a st he catholyte and anolyte, respectively.T he static test cell was operated at ac urrent Angewandte Chemie Reviews density of 0.35 mA cm À2 .T he coulombic efficiency exceeded 90 %and an energy density of 1.7 Wh L À1 was achieved during the first 20 charge/discharge cycles.
Thei ncreased voltage of 1.6 Vi nc omparison to VRFBs represents as ignificant advantage and illustrates the flexibility of all-organic RFBs.However,the capacity and current rating of this system are restricted by the organic electrolyte.
In 2012, Brushett et al. reported an on-aqueous RFB by using 2,5-di-tert-butyl-1,4-bis(2-methoxyethoxy)benzene (DBBB) and 2,3,6-trimethylquinoxaline (TMeQ) as redoxactive materials. [159] Thefundamental electrochemical properties of these compounds were investigated by cyclic voltammetry and revealed ah igh redox reversibility at around 4V versus Li + /Li for DBBB and two reversible redox reactions at 2.48 and 2.8 Vv ersus Li + /Li for the TMeQ.T he authors developed a" proof-of-concept coin-cell flow battery" to verify the feasibility of these redox-active molecules for application in aR FB.T his setup,n ormally appropriate for lithium-ion/thin-film battery tests,c ontained aN afion 117 membrane with 0.05 m DBBB and 0.05 m TMeQ in 0.2 m LiBF 4 dissolved in propylene carbonate as the catholyte and anolyte,r espectively.A saconsequence of the unoptimized cell design and the limited solubility of DBBB,the maximum observed capacity of this coin-cell test device was 0.6 Ah L
À1
at acurrent density of 0.0625 mA cm
À2
. [159] This is much lower than the high capacity of common VRFBs. [70] Ab attery cycling was performed over 30 cycles,a nd coulombic efficiencies of around 70 %a nd energy efficiencies of around 37 %w ere achieved. [159] Thea lkoxybenzenes DBBB and the previously discussed ANL-8, [134] 23DBB,a nd 25DB, [162] all showed rather poor results in regard to solubility and chemical reversibility.A s ar esult, their utilization in flow batteries is not reasonable and future research should focus on different active materials.
Despite this limited performance,Suand co-workers also investigated DBBB as ar edox-active cathode material for non-aqueous RFBs. [160] Based on the results from Brushett et al., [159] the authors developed an automated electrolyte preparation as well as ac haracterization platform, which allowed combinatorial screening of al arge number of electrolytes,i ncluding the redox-active DBBB,s everal alkali ion salts as supporting electrolytes,and organic carbonates as solvents.T he highest solubility (> 0.5 m)a nd also ionic conductivity (> 5mScm À1 )w ere achieved for as olvent mixture of linear and cyclic carbonates with lithium hexafluorophosphate (LiPF 6 )assupporting electrolyte and bis(trifluoromethane)sulfonamide lithium (LiTFSI) as an additive. [160] However,t he ionic conductivity is significantly higher in aqueous solution than in organic solvents.F or example,t he TEMPO/methylviologen system in aqueous solution exhibits an ionic conductivity of about 100 mS cm À1 . [135] Thus,aqueous organic RFBs seem to be ab etter alternative to the nonaqueous organic systems. Kaur ,acoulombic efficiency of almost 89 %, and an energy density of approximate 2.5 Wh L À1 were achieved. However, abattery with an increased concentration of 0.35 m showed ar apidly decreasing charge/discharge capacity that decreased to zero after 20 cycles. [184] Thecurrent system exhibits some serious drawbacks such as the restricted solubility of the TMeQ anolyte and the nonoptimized membrane selection, which results in acrossover of the organic compounds.Furthermore,itwas observed that the utilized BCF3EPT catholyte undergoes asecond irreversible oxidation in the charging procedure,which leads to adecrease in the overall capacity.Additionally,anadverse side reaction of the anode active material cannot be excluded, thereby rendering this material, up to now,q uestionable for RFB applications.
Weie tal. reported another non-aqueous RFB with ANL-8 and 9-fluorenone (FL) as the cathode and anode material, respectively. [136] These two small molecules demonstrated good solubility,o ri nt he case of ANL-8 (which is liquid at room temperature) good miscibility with several organic solvents,and well-defined electrochemical properties. To investigate the performance of the ANL-8/FL battery, at est cell was fabricated with aD aramic microporous , the flow cell demonstrated acell voltage of > 2V ,coulombic efficiencies of 86 %, av oltage efficiencyo f8 3%,a nd an energy efficiencyof71%.The theoretical energy density was 15 Wh L À1 ,ofwhich 73 %could be utilized. Thea chieved performance parameters are much higher than those for the reported system by Brushett et al. [159] and Li et al. [129] Despite this,ademonstration of as table charge/ discharge capacity retention over af ew cycles was not possible and ac onstant decrease over 100 cycles starting from 5.8 to 1.2 Ah L À1 was observed, which represents al oss of nearly 80 %. Similar to the previously discussed studies with ANL-8 and DBBB,t he unsuitability of alkoxybenzenes is affirmed.
Asymmetric Redox-Flow Batteries with Organic RedoxActive Materials in Aqueous Electrolytes
In 2014, Yang et al. reported the first aqueous all-organic RFB.T hey used aw ater-soluble 1,2-benzoquinone-3,5-disulfonic acid (BQDS) as the organic cathode active material and anthraquinone-2-sulfonic acid (AQS) as well as anthraquinone-2,6-disulfonic acid as the organic anode active material. [128] Theauthors developed aredox-flow cell with amembrane electrode assembly,which was fabricated from coated carbon paper electrodes and aN afion 117 membrane.T he flow cell contained 0.2 m BQDS and 0.2 m AQSi n1 m H 2 SO 4 as the catholyte and anolyte,r espectively.T he electrolytes had ac alculated energy density of 1.25 Wh L À1 .Acharge/discharge experiment was conducted over 12 cycles at acurrent density of 10 mA cm À2 ,whereby acapacity retention of 90 % was reached. [128] Limiting factors of these organic chargestorage materials are their moderate solubility in aqueous media and the observed mass transport of the reactants.These factors and the non-optimized battery setup lead to arestriction of the possible current density.T he reported system can be seen as an improvement compared to the AQDS/bromide RFB in terms of safety,a st he toxic bromine catholyte is replaced by BQDS.H owever,t he capacity and the electrical performance are significantly inferior.
Zhang et al. reported an aqueous RFB with the already known water-soluble 1,2-benzoquinone-3,5-disulfonic acid (BQDS) as the catholyte and an inexpensive anthraquinone derivative,3 ,4-dihydroxy-9,10-anthraquinone-2-sulfonic acid (ARS), as the anolyte. [128, 161] Both charge-storage materials are commercially available. Electrochemical investigations showed that ARS exhibits at wo-electron redox process and that the redox reactions of both molecules are highly reversible.T he utilized laboratory flow cell comprised copper plates as current collectors and aN afion 212 proton-exchange membrane.C harge/discharge measurements with 0.05 m BQDS and 0.05 m ARS in 1m H 2 SO 4 as the catholyte and anolyte,r espectively,w ere performed with various current densities of 20, 30, and 60 mA cm À2 to investigate the cell performance.Three charge/ discharge cycles with an average discharge capacity of 90 mA h À1 ,acalculated discharge capacity retention of around 98 %, as well as ac olumbic efficiency of 99 %w ere achieved. Them aximal power density of 10.6 mW cm À2 was accomplished at 80 %S OC at ac urrent density of 60 mA cm À2 . [161] Theauthors obtained good columbic efficiencies through fast charging and slow discharging cycling, but the unoptimized flow-cell setup led to av oltage loss.F urthermore,t he observed energy density of 0.4 Wh L À1 and the current density is limited by the restricted solubility of the utilized redoxactive molecules,especially of the ARS.
At the end of 2015, Liu et al. described an aqueous RFB with 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (4-HO-TEMPO) and methylviologen (MV) as the organic redoxactive catholyte and anolyte,r espectively.T he authors applied the derivative 4-HO-TEMPO instead of common TEMPO as the cathode active material because of its higher water solubility of up to 2.1m. [135] However,the solubility of 4-HO-TEMPO in NaCl solution is only approximately 0.5 m.
NaCl was utilized as the supporting electrolyte and an anion-exchange membrane allowed selective transport of chloride ions.C Vand RDE measurements showed that MV and 4-HO-TEMPO displayed chemically reversible and diffusion-controlled redox reactions.B attery tests were performed at room temperature at concentrations of 0.1m and 0.5 m of the redox-active material in aqueous 1.0 m or 1.5 m solution of NaCl at current densities in the range of 20 to 100 mA cm À2 .7 2% of the theoretical capacity at ac urrent density of 60 mA cm À2 was utilized. Av oltage efficiencyo f 62 %, an energy efficiencyof63%,and acoulombic efficiency above 99 %w ere achieved over 100 charge/discharge cycles. Thet heoretic energy density of this system was 8.4 Wh L
À1
( Figure 12 ). [135] Ther eported flow battery exhibited am oderate energy density and good coulombic efficiencies.H owever,t he voltage efficiencya nd, thus,t he energy efficiency strongly limit the performance of this system. One of the benefits is the low price and commercial availability of the employed active materials.T he major problem, which affects the long-term usability of this system, is the side reaction of the 4-HO-TEMPO.T he oxoammonium cation [which is generated in the charging procedure;E q. (28)] is capable of oxidizing alcohols,thereby leading to aself-oxidation of 4-HO-TEMPO to 4-keto-TEMP-hydroxylamine. [185] Thed evelopment of RFBs with inexpensive and sustainable organic redox-active materials as well as low-cost membranes may overcome the existing drawbacks of inorganic RFBs,s uch as the VRFB.I np articular, as ymmetric RFB with an organic bipolar redox-active material could represent an organic alternative to state-of-the-art VRFBs. Nevertheless,research in this field is in its infancyand needs further intensive investigations on potential organic bipolar redox-active materials.Abipolar material that can be utilized in the electrochemical window of water is of particular interest. Asymmetric RFBs are also an interesting topic for further developments so as to increase the capacity and, thus, the energy density.T he choice of the right charge-storage materials and highly selective membranes already allows good long-term capacity retentions and low crossover reactions to be achieved.
Redox-Flow Batteries with Polymer-Based Organic Active Materials
Thefirst polymer-based non-aqueous symmetric RFB was reported by Oh et al. in 2014 . Thea uthors fabricated an electrolyte based on as uspension of polythiophene (PT) particles,w here PT serves as the bipolar redox-active material. [132] Ah igh stability of the redox reactions and pronounced n-doping and p-doping was exhibited. The observed electrochemical redox processes at À2.0 and 0.5 V versus Ag + /Ag enabled ah igh cell potential of 2.5 V. The performance of these bipolar redox-active conductive particles was investigated in af low-cell setup with an anionexchange membrane and carbon black as the conductive additive.P olythiophene microparticles (8.41 gL
À1
)w ere dispersed in as olution of 1m tetraethylammonium tetrafluoroborate (TEABF 4 )i np ropylene carbonate.A tacurrent density of 0.5 mA cm À2 ,t he flow battery demonstrated as table charge/discharge behavior over 20 cycles with ah igh energy efficiency of 61 %a nd am aximal observed energy density of 2.7 Wh L À1 . [132] Besides the advantage that the conjugated polymer particles lead to ad ecrease in the electric resistance inside the cell, the application of conjugated polymer particles led to some major drawbacks,such as Water offers several advantages over organic electrolyte solvents:Itisnonflammable,inexpensive,and allows for high ion mobility,f or example,l ow ohmic resistance.F or this reason, Janoschka et al. evaluated numerous water-soluble polymers (polymethacrylates and polystyrenes) for application in an aqueous RFB. [186] As pecial focus was on their rheological, thermal, and electrochemical properties with at arget of < 20 mPa st oe nsure the efficient operation of apumped RFB.Anovel battery type to replace common ionexchange membranes and highly corrosive,acidic electrolyte solutions with inexpensive dialysis membranes and pHneutral sodium chloride solutions was reported by using optimized polymers,w hich employ TEMPO and viologen as the redox-active moieties ( Figure 13 ). [34, 186] Thed ialysis membrane showed ag ood retention of the redox-active materials and al ow resistance of 1.14 W cm 2 , which is in the range of Nafion. Thehigh ion mobility in water led to current densities of up to 100 mA cm À2 being attained. Thel ong-term stability of the system was demonstrated in astatic test cell by repeated charging/discharging over 10 000 cycles with 80 %c apacity retention. Furthermore,apumped flow cell with an increased volumetric capacity of 10 Ah L À1 demonstrated ac apacity retention of around 80 %a fter 95 consecutive charge/discharge cycles.T he faster fade in capacity can be explained by aside reaction, possibly induced by oxygen. Although this novel system may lay the foundation for an ew RFB working principle (polymer plus dialysis membrane), capacity limitations of currently 10 Wh L À1 still need to be overcome,f or example,b ys ubstituting linear for hyperbranched polymers.
Winsberg et al. reported ap oly(boron dipyrromethene)-based flow battery. [187] Boron dipyrromethenes (BODIPYs) are frequently used as chemosensors and laser dyes.B esides their special optical properties,s everal BODIPYs feature chemically reversible oxidation and reduction reactions, which render them ap otential bipolar redox-active material for flow-battery applications and, thus,anorganic alternative to VRFBs (Figure 14) .
Thea uthors synthesized styrene-based polymers with pendant BODIPY moieties and fabricated an organic solution-based battery by using polymeric TEMPO as the catholyte and aB ODIPY copolymer as the anolyte.T his battery featured amean discharging voltage of 1.82 Vand 100 consecutive charge/discharge cycles with 70 %r etention of the initial discharge capacity.Asecond battery that featured two different BODIPY copolymers,one as the catholyte and as econd as the anolyte,r evealed am ean charging voltage of 2.06 V but only am ean discharging voltage of 1.28 V. Nevertheless,astable battery cycling was observed for 90 consecutive charge/discharge cycles.Abipolar polymer,w hich can be used both in the catholyte and anolyte,h as so far not been reported.
Photoelectrochemical
Redox-Flow Batteries (Photo-RFBs)
RFBs are utilized as ab uffer for intermittent electric energy. Electricity which is produced by wind power or solar energy is converted into chemical energy and stored for ac ertain amount of time.P hoto-RFBs render this detour via electrical energy unnecessary,s ince light is directly stored as chemical energy.T he development of highly efficient photoelectrodes and their integration into RFB technologies may result in the use of conventional photo- Figure 13 . a) Schematic representation of apolymer-based RFB consistingofanelectrochemical cell and two electrolyte reservoirs. The anolyte and catholytec ycle are separated by asemipermeable sizeexclusion membrane, which retains the redox-active macromolecules while allowing small salt ions to pass. b) Fundamental electrode reactions of P1 (TEMPO radical) and P2 (viologen). [34] voltaic systems and batteries becoming obsolete,t hereby leading to amore cost-efficient and simpler all-in-one system.
Thed esign of ap hoto-RFB is very similar to that of regular RFBs,b ut differs in the additional utilization of ap hotoelectrode,w hich is typically fabricated from conductive glass coated with aphotocatalyst. Aschematic representation is shown in Figure 15 .
Thec harging process is dependent on the photoanode. This electrode is mandatory for the light-harvesting process, as incident light generates electron-hole pairs,w hich induce the oxidation of the catholyte at the interface between the catholyte and photoanode. [188] Simultaneously,t he anolyte is reduced by the transferred electron. Thes ubsequent discharging procedure is the same as in regular RFBs.
Photoelectrochemical Redox-Flow Batteries with Asymmetric Electrolytes
Thegroup of Gao and co-workers proposed this technology first and combined the classical dye-sensitized solar cell (DSSC,G r ätzel cell) with the flow-battery technology. [189] FTO glass coated with TiO 2 and ar uthenium dye were utilized as the photoanode and the redox couple I 3 À /I À as the catholyte.ALi + glass ceramic separator prevented electrolyte crossover and allowed charge equalization through the Li conductivity.
In af irst publication, the anolyte contained decamethylferrocene,w hich led to an average discharging voltage of 0.33 Vi nt he dark and ap hotocharging voltage of around 0.55 V. Am aximum discharge capacity was reached with 53.3 mAh L À1 ,w hich corresponds to am aterial utilization of 24 %a fter an illumination time of 2400 sa nd 48 %o ft he photocharge capacity. [189] In asecond publication, the anolyte was replaced by an aqueous Li 2 WO 4 solution. [190] This led to an elevated average discharging voltage of 0.45 Va nd ap hotocharge plateau voltage of 0.76 V. [190] In at hird study, quinoxaline derivatives were employed as the anode-active material and represent afirst approach for the application of organic active materials in solar rechargeable RFBs. [191] As for the Li 2 WO 4 system, charging voltages of 0.78 Vand average discharging voltages of 0.45 Vw ere achieved.
Gao et al. successfully demonstrated the possibility of combining aD SSC with aR FB.H owever, the presented systems have to overcome several challenges,since capacities, cell voltages,a nd applicable current densities are not competitive with state-of-the-art RFBs.
An improvement to these systems was reported by Wu et al.,b yu sing solid lithium as the anode. [192] In addition, guanidine thiocyanate and chenodeoxycholic acid were used as additives to improve the wettability on the hydrophobic dye-sensitized TiO 2 photoanode.T he advantages of this system are the elevated charging and discharging voltages of 3.55 Vand 3.35 V, respectively,and the ability to use ahighly concentrated aqueous catholyte with aconcentration of 2.0 m LiI. Consequently,t he electrolyte revealed at heoretical capacity of 35.7 Ah L À1 .After 16.8 h, the battery was charged to 91 %o fi ts theoretical capacity and 25 charge/discharge cycles were demonstrated. Thel ow photocharging rate is equally considered adrawback.
Thep hotocharging capability of organic/inorganic RFBs with the anthraquinone derivative AQDS as the anode-active material and either ferrocyanide or bromide as the cathodeactive material was demonstrated recently. [193, 194] Wedege et al. used ah ematite photoanode annealed with polyaniline for the oxidation of ferrocyanide. [193] An unbiased photocharging was possible up to astate of charge of 12 %.
Liao et al. used adual silicon photoelectrochemical cell in an AQDS/bromide RFB. [194] Thep hotocathode consisted of C/TiO 2 /Ti/n + p-Si and the photoanode of Pt/p + n-Si. Ah igh conversion efficiency of 6% was achieved with these optimized photoelectrodes.The battery was self-charged to 0.8 V and ad ischarge capacity of 730 mAh L À1 was reached after photocharging for 2h.T he authors demonstrated constant capacity retention over ten consecutive charge/discharge cycles,w hich makes this system the most advanced photo-RFB so far.
Solar Chargeable All-Vanadium Redox-Flow Batteries
Afew studies describe the solar charging of VRFBs with photoanodes in which TiO 2 and WO 3 as well as CdS are used. [195] [196] [197] [198] However,e lectrical efficiencies are,t odate, only moderate.F urthermore,adegradation of some photoanodes was observed in the highly acidic electrolyte. [197] Current photo-RFB technologies are still in their infancy. Research should address the interaction between the photoelectrode and the active material by matching their redox potentials in relation to the conduction band of the semiconductor.O rganic active materials can represent an ideal class of materials,since the redox potentials can be fine-tuned by variation of the substituents. 
Conclusion and Future Challenges
Flow batteries are,inour opinion, the battery technology with the greatest potential to be one of the key elements in the energy transition to as ustainable electricity supply.T he current redox couples and electrolytes in VRFB,F e/Cr, and Zn/Br 2 systems represent only an intermediate step to nontoxic and noncorrosive electrolytes,which rely on organic or earth-abundant active materials.I mprovements can be achieved by addressing the following challenges:
An increase in the energy density can be accomplished by utilizing redox-active materials with an elevated solubility of at least 2 m,which can be achieved by intelligent design of the molecules.O fp articular interest are organic materials capable of transferring more than just one electron, as well as bipolar materials with al arge difference between their redox potentials.The exact adjustment of the redox potential of the active material and the expanded potential window of water, by exploiting the overpotential of the electrode,c an also significantly increase the energy density.F urther approaches include the utilization of water-miscible liquid organic materials or decreasing the molar mass of as ingle molecule to decrease the solvent/active material mass ratio and, hence,toincrease the solubility.
Suspension-based systems or ionic-liquid electrolytes have in fact the highest energy densities,b ut suffer enormously from minimum applicable current densities and their application is,therefore,not reasonable.For the same reason, the application of high-voltage systems,w hich require an organic solvent, is not desirable for large stationary battery systems.A ne levated energy density would be desirable,a s the space requirement of the battery and likewise the operating costs would decrease.
An increase in the current density can be achieved by accelerating the kinetic reactions on the electrodes.T his can be realized by choosing appropriate electrode materials and/ or their activation/modification. Them odification of the electrodes is ac ompletely novel approach, particularly for organic compounds.H owever,o rganic systems (e.g. quinones) already have advantages over vanadium-based systems in terms of their reaction kinetics.T he applied membrane also has as ignificant impact on the current capability. In this context, the membrane should feature an ohmic resistance as low as possible and should allow ahigh counterion mobility.M embrane-free systems utilizing,f or example, immiscible electrolytes could also lead to improvements.
Furthermore,t he current density can be increased by reducing the viscosity of the electrolyte and thus enable accelerated charge-carrier transport. In regard to polymeric systems,t his is achievable by utilizing (hyper)branched architectures.
An increase in the lifetime can be realized by the utilization of highly reversible redox couples,w hich undergo no side reactions and offer thousands of charge/discharge cycles.Therefore,systems that just transfer an electron but do not undergo aconformational change have the potential to be more stable.I na ddition, pH-sensitive molecules or redox reactions should be omitted. This includes the absence of functional groups prone to hydrolysis,s uch as esters.T he temperature stability of organic redox couples in flow batteries at temperatures in the range of 50 to 70 8 8Ch as been barely investigated, but it is of high importance as organic compounds can undergo side reactions when acertain activation energy is exceeded.
Thel ong life cycle of the electrodes can be improved by not utilizing strongly acidic conditions.T he selectivity of the membrane also has as ignificant impact on the long-term retention of capacity.H ighly selective membranes are required for the preservation of this performance characteristic. Membranes that are designed, in particular,f or flowbattery applications are not commercially available.H owever,c alculating al ifetime of 20 years with ac apacity retention of 80 %a nd one charge/discharge cycle per day, the crossover of cathode and anode active material must not exceed 0.002 %p er cycle.T his illustrates why the development of bipolar organic active materials is highly attractive.
An increase in the overall system efficiency can be accomplished by expanding the temperature range in which no precipitation of either active material or supporting electrolyte occurs.T his is also required for common metalbased RFBs (e.g.V RFBs,F e/Cr,a nd Zn/Br 2 )a nd would consequently reduce the energy demand for heating or cooling the electrolyte.T he utilization of additives or the selection of active materials and supporting electrolytes with excellent solubility could allow this target to be met.
Ad ecrease in the costs is an important, if not the most important, driving force to enable market penetration for RFBs.T his goal can be accomplished by the utilization of organic materials or earth-abundant metals for the chargestorage process.F urthermore,t he utilization of simple separators instead of complex ion-selective membranes would reduce the costs,l ikewise the utilization of water as solvent.
Concerning these requirements,k ey performance indicators such as levelized cost of energy ($ MW À1 h À1 )orcosts per surface power density ($ m 2 W À1 )s eem to be reasonable assessment criteria. Theduration of use has to be included in this calculation, as most RFBs have extended lifetimes compared to lead or lithium ion batteries.
In summary,r esearch and development should focus on aqueous redox-and hybrid-flow batteries,w hich utilize organic active materials.I nt his case,h ighly soluble organic compounds,w hich can be produced with minimal effort in high yields,a re favored to enable the efficient production of large-scale systems with capacities in the range of MW h. Additionally,aspecial focus on the system safety,inregard to the flammability and toxicity is required. In particular,f or household-sized RFBs,w hich can be used in combination with decentralized roof-top photovoltaic electricity production, safe battery systems are absolute necessary.T he HFB technology systems comprising aZ na node should be investigated further,s ince this metal expands the usable voltage range in water and can be acquired at low cost.
Therefore,wesuggest focusing on TEMPO as the organic cathode material for aqueous flow batteries.4 -HO-TEMPO can be purchased at prices of $5-6 kg
À1
,a nd its solubility in water can be increased by alteration of the substituent in the 4-position. TEMPO has ah igh oxidation potential near the upper limit of the potential window of water and reveals chemically reversible redox reactions in apHrange of 3to7. Viologen and anthraquinone species are suitable anode active materials which have good chemical reversibility and fast reaction kinetics.H owever,t he solubility of either their uncharged state (e.g. AQDS) or charged state (e.g.dimethylviologen) has to be increased. Both molecules can be purchased at affordable costs,w ith dimethylviologen having the lower reduction potential at the bottom end of the water potential window.
We also see abacklog in membrane development, as most utilized membranes are designed for applications in fuel cells and not in RFBs.T he utilization of biotechnology or extraction from renewable natural sources to obtain organic redox-active materials would further improve the environmental impact of RFBs.
